Introduction
That the charged nature of K + ions impairs their free movement across the plasma membrane derives from elementary physics. The calculation of the Born self-energy for K + within the low dielectric constant of the membrane shows the nonspontaneity of this process (Parsegian, 1969) . Nevertheless, in K + channels, nature found a low-energy mechanism to move K + ions across the plasma membrane by developing proteins able to mimic its water coordination ). Thanks to these membrane proteins, K + is the most permeable ion in resting cells, and because K + is also the most abundant intracellular ion, the resting membrane potential in most living cells is close to the Nernst potential for K + (Hodgkin and Huxley, 1952) . K + channels are probably an ancient protein family and are present in every living being (Armstrong, 2015) . These membrane proteins belong to one of the biggest gene families, with ∼90 representatives in the mammalian genome (Yu et al., 2005) . Their physiological role is widespread: they guard the resting membrane potential, stabilize osmotic imbalance, set the excitability threshold in excitable membranes, and shape the neuronal action potential (Hille, 2001; Armstrong, 2015) . K + channels are endowed with an unsurpassed architectural mechanism that allows K + ions to permeate selectively across the cell membrane. However, they show a wide variability in unitary conductance (or ion transport rate), which spans approximately two orders of magnitude when measured under similar experimental conditions. In this viewpoint, we propose that the structural determinants for selectivity and conductance are segregated to two structures within the pore of K + channels: the selectivity filter and the internal vestibule, respectively. We raise the idea that the structure of the selectivity filter seems to be so dedicated to selective and efficient K + transport that it is unlikely to be the structural determinant of conductance diversity. On the contrary, the physical dimensions of the hydrophobic inner vestibule seem to be the factors that limit K + transport, accounting for the difference in unitary conductance among K + channels.
The structure of the K + permeation pathway K + channels allow selective passage of K + ions, thermodynamically lured to flow against their own electrochemical gradient, to the exclusion of all other physiological cations. K + channels select for K + over Na + by almost 1,000-fold, a surprising task considering a difference of <0.5 Å between the ionic radii of these two cations (Hille, 1973) . Nevertheless, because the difference in their hydration energies is ∼16 kcal/mol, removal of the hydration water should be ∼10 10 harder for Na + (Robinson and Stokes, 2002) . Thus, the simplest explanation for the high K + selectivity should involve, at least in part, the need for partial dehydration of the ion, excluding Na + because replacing its hydration waters is energetically costlier (Bezanilla and Armstrong, 1972) . It has also been argued that the binding sites within the selectivity pore must be precisely shaped around a partially dehydrated K + so that it fits snugly (Mullins, 1959) . The selectivity sequence of K + channels for alkali metal cations (K + ≈ Rb + > Cs + > Na + > Li + )
Ion channels are membrane proteins that mediate efficient ion transport across the hydrophobic core of cell membranes, an unlikely process in their absence. K + channels discriminate K + over cations with similar radii with extraordinary selectivity and display a wide diversity of ion transport rates, covering differences of two orders of magnitude in unitary conductance. The pore domains of large-and small-conductance K + channels share a general architectural design comprising a conserved narrow selectivity filter, which forms intimate interactions with permeant ions, flanked by two wider vestibules toward the internal and external openings. In large-conductance K + channels, the inner vestibule is wide, whereas in small-conductance channels it is narrow. Here we raise the idea that the physical dimensions of the hydrophobic internal vestibule limit ion transport in K + channels, accounting for their diversity in unitary conductance.
indicates that K + channel permeation is biased against larger hydration energy and larger size, as expected for a relatively "low-field-strength" site (Eisenman, 1962) . Thus, Bezanilla and Armstrong (1972) postulated "Na + ions do not enter the narrower part of the pore because they are too small to fit well in the coordination cages provided by the pore as replacements for the water molecules surrounding an ion." Because the observed selectivity sequence is virtually identical among K + channels, it anticipates a highly conserved ion selectivity structure (Latorre and Miller, 1983; Heginbotham and MacKinnon, 1993) .
The crystallographic structure of the KcsA bacterial K + channel resolved at 3.2 Å by Doyle et al. (1998) revealed for the first time how the pore of a K + channel looks (Fig. 1, A and B) . The protein has a tetrameric organization around the pore placed in its axis of symmetry. Although the structure corresponded to that of a closed channel, it showed several, previously anticipated, functional features: (a) The pore hosts several K + ions in single-file order as Hodgkin and Keynes predicted 60 years ago (Hodgkin and Keynes, 1955) . (b) The pore has a narrow selectivity filter located toward the external entrance and is flanked internally by a wider internal vestibule as anticipated by Armstrong and Bezanilla (Armstrong, 1971; Bezanilla and Armstrong, 1972; Miller, 1982; Latorre and Miller, 1983) . (c) K + ions are partially hydrated in the narrow section of the pore, as Mullins, Bezanilla, and Armstrong proposed half a century ago (Mullins, 1959; Armstrong, 1971; Bezanilla and Armstrong, 1972; Hille, 1973) . Although the structural analysis could not resolve interatomic bond orientation, it was hypothesized that carbonyl oxygens from the signature sequence in the peptide backbone, TVG YG, shape the anticipated lowfield-strength K + binding sites by forming surrogate hydration cages in the filter (Eisenman, 1962; Heginbotham et al., 1994) . The presence of these expected features in a single crystallographic structure gave this study immediate acceptance.
Later on, crystallization of KcsA channels with improved resolution (2.2 Å) provided a detailed picture of K + ions and their carbonyl cages in the selectivity filter (Fig. 1, C and D) . At the internal and external entrances, K + ions are fully or partially hydrated, whereas those located inside the filter fit perfectly into the four carbonyl-lined binding sites of the selectivity filter . Constrained by the K + /water 1:1 stoichiometry flux ratio, determined from streaming potentials by Alcayaga et al. (1989) , it was proposed that Doyle et al. (1998) , C was modified from with permission from Macmillan Publishers Ltd., and D was inspired by Chen et al. (2014) .
the four ion-binding sites at the selectivity filter are energetically equivalent for K + in alternate occupancy of sites 1-3 and 2-4, with intervening waters at the vacant sites (Bernèche and Roux, 2000; Morais-Cabral et al., 2001 ). This arrangement makes near to zero the energy cost to put two K + ions inside the selectivity filter. In contrast, a solitary K + would not be able to permeate measurably because it would be too tightly bound (Neyton and Miller, 1988; Liu and Lockless, 2013) . In contrast, double occupancy in sites separated by ∼7 Å (either sites 1 and 3 or 2 and 4) in the selectivity filter affords enough electrostatic repulsion to allow efficient ion translocation along the pore (Åqvist and Luzhkov, 2000; Morais-Cabral et al., 2001 ).
The geometry of cation coordination in the selectivity filter
The K + ions along the selectivity filter are coordinated in a square prism fashion (Fig. 1, C and D) , with eight carbonyls groups each contributing a binding site in the selectivity filter, four on top and four below the cation. For sites 1, 2, and 3, the top four carbonyls are rotated ∼45°, forming a squared antiprism with vertices separated by 3-4 Å, whereas a cube encases site 4. Notably, the K + located internally to the selectivity filter appears to coordinate eight water molecules also in antiprism fashion, and the most external K + is coordinated on top by four waters as if these two cations were caught "in flagrante" getting stripped from their waters before entering the selectivity filter (Miller, 2001; Zhou et al., 2001) .
Neutron scattering, spectroscopy, statistical mechanical, and molecular dynamic simulation converge on a mean center to center distance between the K + ion and the oxygen atoms of the hydration shell of ∼2.6-2.8 Å (Enderby, 1995; Glezakou et al., 2006; Mancinelli et al., 2007; Bankura et al., 2013) . Such a distance matches the center to center separation between K + and the carbonyl's oxygen atoms in the selectivity filter.
The mean K + coordination geometry in solution is unknown; however, using the above K + -O separation of 2.6-2.8 Å, it is possible to calculate a vertex to vertex distance of 3.0-3.2 Å in a squared hydration cage. These distances fit well for most of the selectivity filter cages in Table 1 . Moreover, a cube, or a squared antiprism, formed by a cage composed of eight water molecules separated by 3.0-3.2 Å would fill a volume of 195-220 Å 3 , which is the volume of a 3.6-3.8-Å-radius sphere, consistent with the estimated hydrodynamic radius of K + (Díaz-Franulic et al., 2015; Moldenhauer et al., 2016) . Thus, from the geometrical point of view, the oxygen cages can be regarded as a surrogate water cages. Moreover, this argument favors a homotetrameric structure in K + channels as a requisite for highly selective K + binding sites, as was proposed by Zhou et al. (2001) .
The rigidity of the K + selective filter Electrophysiological, structural, and calorimetry studies support the equilibrium-binding hypothesis for ionic selectivity in K + channels: selectivity is attained by making the energy wells along the reaction coordinate deeper for K + than for Na + (Eisenman, 1962; Neyton and Miller, 1988; Zhou et al., 2001; Piasta et al., 2011; Liu et al., 2012) . In light of the conserved structure of the selectivity filter among different channels (Fig. 1 , C and D; and Table 1), we are tempted to consider this structure as static and immutable. Nevertheless, functional evidence and intuitive thinking indicate that this temptation is dangerous. Proteins are flexible, and the carbonyl atoms of the selectivity filter fluctuate around 0.4 Å root mean square (Allen et al., 2004) , nearly the difference among Na + and K + ionic radii, suggesting that the snug-fit mechanism requires some amendments (Allen et al., 2004; Noskov et al., 2004) . Functionally speaking, selectivity filter flexibility is evidenced in, for instance, C-type inactivation of Kv channels. C-type inactivation is a Na + -permeable pore conformation in K + channel usually triggered by the removal of external K + or by long depolarizations (see, for example, Starkus et al. [1997] ). This phenomenon has also been seen in the KcsA channel, being associated with the Center to center inter-oxygen distances at the selectivity filter edges shown in Fig. 1 loss of the second and third selectivity filter K + binding sites (Cuello et al., 2010) . Selectivity filter stability has been proposed to be important for K + discrimination in KcsA, as mutations to surrounding residues (E71; Fig. 1 C) increase Na + permeability (Cheng et al., 2011) . Thus, a complex network of interactions must support the functional integrity of the selectivity filter. In fact, despite their identical signature sequence and ion distribution along the KcsA and MthK channels selectivity filter, the pore of KcsA, but not MthK, collapses upon K + removal Ye et al., 2010) . Thus, the selectivity filter emerges as a dynamic structure, able to adopt a collection of stable conformations, of which the fully conducting ones seem to be also the most often crystallized.
The bacterial nonselective NaK channel, which allows permeation of both K + and Na + , has contributed significantly to our understanding of ionic selectivity in K + channels. The NaK channel selectivity filter possesses the sequence TVG DG instead of the canonical TVG YG, failing to show S1 and S2 ion-binding sites (Alam and Jiang, 2009) . Variants having the number of binding sites restored to four are K + selective, indicating that the ability to make transitions between 1,3 and 2,4 configurations is essential for K + -selective permeation, revealing a strong marriage between selectivity and conductance (Derebe et al., 2011; Liu and Lockless, 2013; Sauer et al., 2013) . Excellent reviews covering the mechanisms of ion selectivity in rich detail are available (Noskov and Roux, 2006; Nimigean and Allen, 2011; Lockless, 2015) .
We excluded the inward rectifier family from consideration in this review. Although these channels share with BK and Kvs the selectivity filter and the internal vestibule structures, unlike the latter, their tetramerization domain contributes significantly to ion conduction, adding several K + -binding sites in series with the pore. Their conduction mechanism looks more complex, and their structural determinants for unitary conductance may be different from Kv and BK channels (Nishida and MacKinnon, 2002; Lu, 2004) .
Pore architecture of K + channels: Implications for ion permeation Selectivity filters among different K + channels are so similar that we hypothesized that, regardless of their specific unitary conductance, they should be equally competent to allow permeation of K + at high rates. However, different K + channels display large differences in their unitary conductance measured under similar experimental conditions. Permeation should occur at very high rates because the energy cost of putting two K + ions in the selectivity filter is to zero (Åqvist and Luzhkov, 2000; Morais-Cabral et al., 2001; Zhou et al., 2001; Bernèche and Roux, 2003; Allen et al., 2004; Jensen et al., 2013) . Accordingly, in standard recording solutions, the selectivity filter accounts for, at most, 3 GΩ (333 pS) of the total pore resistance in both smalland large-conductance K + channels (Díaz-Franulic et al., 2015) . Direct estimation of electrical resistance, or electrostatic field calculation along the pore, showed that 3 GΩ accounts for 50-90% of the total resistance of BK or MthK channels Contreras et al., 2010; Díaz-Franulic et al., 2015) . In contrast, in Shaker Kv channels, such resistance accounts for only ∼10% of the total (Díaz-Franulic et al., 2015) . Thus, in small-conductance Kv channels, ion transport must be limited in structures that are separate from the selectivity filter (Moscoso et al., 2012) . Table 2 com- pares the amino acidic sequences of several K + -selective channels between the pore helix and the C terminus of S6, where the structural determinants for single-channel conductance reside. It is apparent that, although K + channels share identical selectivity filter sequences, their unitary conductance ranges from 5 to 270 pS and, accordingly, they fit into two categories: small and large conductance (top and bottom groups in Table 2 ). Sequence diversity in both groups leads to the idea that the determinants of unitary conductance are located at or near the internal cavity.
Architecture of BK and MthK channels. BK channels (also known as Slo1 or Maxi-K) display the largest unitary conductance among K + channels, ranging from ∼250 pS under standard recording conditions (100-150 mM K + ) to 600 pS under saturating K + concentrations (Eisenman et al., 1986; Brelidze et al., 2003) . Sequence analysis of BK channels reveals two conserved glutamate rings (Glu rings) at the internal entrance, comprising Glu321 and Glu324 in each subunit of MSlo (Fig. 2 A) . In 100 mM K + , these eight negatively charged residues double unitary conductance (Brelidze et al., 2003; Zhang et al., 2006) . However, such increments vanish at saturating K + concentration, indicating that the charged rings contribute to channel conductance by attracting cations and are not an essential part of the efficient K + transport mechanism (Fig. 2 B) . Therefore, maximum conductance, measured at saturating K + concentrations, is required to separate permeation from binding (Díaz-Franulic et al., 2015; Sack and Tilley, 2015) . In contrast, Phe380, located at the inner cavity of HSlo (F315 in MSlo), was shown to be critical for ion permeation when replacement with isoleucine or tyrosine decreased unitary conductance by ∼70% or ∼50%, respectively (Carrasquel-Ursulaez et al., 2015) . However, the impact of these mutations on the maximum conductance is unknown.
The internal entrance of BK channels seems wider than in Kv channels. The association rate of internally applied quaternary ammonium to the pore is higher than for Kv channels (Li and Aldrich, 2004; Wilkens and Aldrich, 2006) . Also, overlapping dual cysteine modification in BK channels revealed an inner vestibule wider than that of Kv channels (Zhou et al., 2011) . Thus, a wide, and possibly short, vestibule could afford a low-resistance pathway for ion permeation in BK channels. This suggests that the dimension of the internal pore entrance limits ionic conduction, such that the presence of large side chain amino acids at the inner entrance reduce BK's unitary conductance, whereas smaller side chain substitutions have little effect (Geng et al., 2011) .
In the absence of crystallographic data of BK in the open conformation, the bacterial calcium activated MthK K + channel has been validated as a bona fide structural model for the pore domain of BK channels (Geng et al., 2011; Shi et al., 2011; Posson et al., 2013; Moldenhauer et al., 2016) . MthK is a large-conductance two-transmembrane segment (TM) channel coupled to a calcium gating ring similar to that of BK (Jiang et al. Yuan et al., 2011) . Consistent with BK's guessed internal pore dimensions, the MthK structure displays a wide ∼15-Å internal entrance (Fig. 2 A) , lined with hydrophobic residues (Table 2) . A direct functional assessment of BK's pore architecture came from Magleby's laboratory with measurements of the "radius of capture" (Brelidze and Magleby, 2005) . If the pore is assumed to be a hemispheric sink into which approaching ions vanish, it is possible to use diffusional collisions theory to infer the dimension of the pore entrance in a condition where the rate-limiting step for ion transport is the diffusion of K + ions into the entrance of the pore (Läuger, 1976; Andersen, 1983) . Assuming K + is a rigid sphere approaching the mouth of the channel, the radius of capture corresponds to the difference between the radius of the ion and the radius of the pore entrance (Ferry, 1936; Läuger, 1976) as
where r P , r C , and r i are the pore, the capture, and the ion radii, respectively. If the ion is a point charge (r i = 0), the radius of capture is the same as the radius of the pore. Experimentally, increasing the viscosity of the solution through the addition of high concentrations of sugar, the amplitude of K + current becomes asymptotically voltage independent, revealing the limiting K + diffusional access to the pore (Läuger, 1976; Brelidze and Magleby, 2005; Díaz-Franulic et al., 2015) . In BK channels, the internal r C is 2.2 Å, a surprising, and debated, number suggesting that the pore is barely wide enough to fit a hydrated K + ion (Brelidze and Magleby, 2005) . Furthermore, we must consider the hydrodynamic dimensions of K + to calculate the pore radius, but the size of hydrated K + is not well defined because hydrating water molecules bind with dissimilar energies and lifetimes, forming a fuzzy arrangement. Then, one has to decide how many hydration shells should be added to the radius of the ion. The simplest assumption is to add just one water layer, but this seems arbitrary (Brelidze and Magleby, 2005 ).
Let's consider that r P , the pore radius (a functional estimate arising from the radius of capture), is equivalent to the "effective pore radius" (r E ; a structural estimate defined as the radius of the largest sphere that is able to enter the pore cavity; Ferry, 1936) . r E is very easy to estimate from the wealth of K + channel structures available, and for MthK it is 5.7-5.9 Å (Moldenhauer et al., 2016) . Thus, by replacing r E for r P in Eq. 1, we obtain r i = 3.5-3.7 Å for K + . These figures are consistent with K + ions carrying only one hydration layer (Enderby, 1995; Glezakou et al., 2006; Mancinelli et al., 2007; Bankura et al., 2013) . Bearing in mind that the radius of capture is measured at room temperature, in liquid phase, and with operative friction forces, the harmonious outcome with structural studies, made at very low temperature, in solid phase, and in equilibrium, is satisfying.
Architecture of Shaker and Kv channels. We have seen that side chain volume and charge of residues at the internal entrance of large-conductance channels restrict K + conductance (Brelidze et al., 2003; Nimigean et al., 2003; Geng et al., 2011) . Thus, K + channels having narrower pores should display smaller unitary conductance. Among the small-conductance K + channels the most extensively studied is the Drosophila melanogaster Shaker K + channel. As expected, Shaker ionic selectivity is lost upon mutation of some of the selectivity filter residues (Heginbotham et al., 1994 ). Shaker's unitary conductance ranges from ∼20 pS in ∼100 mM K + to 60 pS in saturating 3,000 mM K + (Heginbotham and MacKinnon, 1993; Díaz-Franulic et al., 2015) . Intra-and intersubunit metal coordination at the internal entrance suggests that this region is narrower than that in BK or MthK and/or that the opening conformational change implies a small physical displacement (Webster et al., 2004; del Camino et al., 2005) . Consistent with a narrow pore, the crystal structure of Kv1.2, a mammalian homologue of Shaker, shows an internal entrance of ∼10 Å, which, as occurs in MthK, is lined with hydrophobic side chains (Long et al., 2005a (Long et al., , 2007 . Thus, the narrow Kv internal cavity is just large enough to let ions go across, and "…may help to explain why Shaker has an approximately tenfold lower conductance than its bacterial relatives" (Webster et al., 2004) .
As with BK, measurements of diffusion limited outward currents allowed us to estimate that Shaker's cytosolic radius of capture was ∼0.8 Å, ∼1.4 Å narrower than BK's (Díaz-Franulic et al., 2015) . As seen with MthK/BK in section Architecture of BK and MthK channels, this estimate of r C is consistent with the effective opening of the open Kv1.2/2.1 chimera if we assume that the hydrodynamic radius for K + is ∼3.5-4.4 Å (Díaz-Franulic et al., 2015; Moldenhauer et al., 2016) . As hypothesized, such a narrow cavity contributes decisively to the total electrical resistance of the pore. Estimations of the sectional resistance along the pore of Shaker showed that, in contrast to BK, the inner cavity entails an electrical resistance ∼55-fold larger (or 1/55 lower conductance) than that of BK channels (Díaz-Franulic et al., 2015) . Thus, these results reinforce the idea that the size of the internal vestibule severely limits single-channel conductance of small-conductance K + channels.
The internal pore dimensions and K + channels cytosolic structure. For both Kv and MthK structures, the effective entrance is consistent with the estimates of the radius of capture of Shaker and BK channels, respectively, when the K + hydrodynamic radius is taken as ∼4 Å (Díaz-Franulic et al., 2015; Moldenhauer et al., 2016) . However, the canonical Kv channel activation bundle crossing gate, located at the lower end of S6, appears to be missing in BK channels. Instead, these K channels may gate the ion pathway near the selectivity filter (Wilkens and Aldrich [2006] , Garg et al. [2013] , and Posson et al. [2013] ; but see Hite et al. [2015] ). Thus, the estimates of radius of capture could represent the pore dimensions at different depths in the permeation pathway. Because the estimates of the hydrodynamic size of K + produced by both comparisons (MthK with BK and Kv1.2 with Shaker) are so similar, the possible discrepancy in deepness should not account for more than 1 Å in radius. In addition, the resulting size of K + agrees well with estimations for the hydrated K + in aqueous solutions obtained using unrelated techniques (Enderby, 1995; Glezakou et al., 2006; Mancinelli et al., 2007; Bankura et al., 2013) .
There is one more problem with the estimation of the internal pore dimension based on the radius of capture for BK and Kv channels. These measurements disregard the contribution of important intracellular domains in both proteins, leading to an oversimplified structural image (Long et al., 2005a; Hite et al., 2015) . Both BK and Kv channels have tetramerization domains near the internal entrance (Kobertz and Miller, 1999; Krishnamoorthy et al., 2005; Hite et al., 2015) . In Kv channels, the four tetramerization domains (T1) form a structure known as "the hanging gondola" because it hangs from the pore domain through four linkers, leaving four side-facing openings for ion transport ( Fig. 3 ; Kobertz and Miller, 1999; Long et al., 2007) . Meanwhile, the structure of Slo2.2, a BK channel, shows the calcium-dependent gating ring forming a funnel structure that could guide ions into the pore cavity (Hite et al., 2015) . Both structures project negative electrostatic potential into the permeation pathway, raising local K + concentration, but contribute, at most, to 30% to the unitary current (Kobertz and Miller, 1999; Budelli et al., 2013; Hite et al., 2015) .
Why does a narrow pore cause larger resistance?
How is it possible that the internal cavity of Kv channels, with a radius only 1.4 Å smaller than that of BK, causes a 55-fold increase in resistance? The seminal paper by Parsegian (1969) predicted that the energy required to put an ion inside an aqueous pore embedded in the low dielectric membrane could decrease by up to 28 kcal/mol for every Å increase in sectional radius. Thus, a mere 1-Å narrower pore would represent a much larger energy barrier for the ion to overcome. Energy calculations show that K + transport in the nonpolar nanotube membrane model is highly sensitive to the dimensions of the pore. In narrow pores (<5-Å opening diameter) ion transport cannot occur, but wider pores (∼10-Å opening diameter) are highly permeable, with ionic mobilities comparable with those seen in bulk solution (Peter and Hummer, 2005) . In contrast, narrow pores would strip off solvation waters, paying a large energetic penalty; in contrast, wider pores would keep the first hydration shell intact. The free energy calculated for K + ions inside the cavity of K + channels is indeed a few kcal lower in the wider parts of the pore (Chung et al., 2002; Jogini and Roux, 2005; Treptow and Tarek, 2006) . Thus, higher resistances may result from the reduced probability of finding an ion inside narrower pores, and, conversely, we expect that decreasing the energy required to put an ion inside the cavity will result in an increased conductance (see section Turning Shaker into a large-conductance K + channel below). We have to keep in mind that these considerations involve using equilibrium energies to describe the nonequilibrium phenomenon that is ion transport. Nevertheless, because diffusion and water + channel structural topology. Surface representation of Kv (Kv1.2/2.1 chimera; left) and BK (Slo2.2; right) structures. Green and yellow colors represent the voltage-sensing domain (VSD) and the pore domain (PD), respectively. The green arrows show the putative conduction paths for ions that in Kv channels K + access/ exit through the lateral windows of the "hanging" T1 domain (the gondola in cyan), whereas in BK the ions cross the entire gating ring formed by the RCK domains (in cyan). The pink spheres are K + ions, and the horizontal discontinued lines indicate the approximate inner and outer boundaries of the membrane. External side is up. The Kv figure is a 6-Å slab prepared with VMD, with −6 < x < 0 (Humphrey et al., 1996) . BK front and rear subunits are removed for clarity (inspired by Hite et al. [2015] ).
turnover are orders of magnitude faster than permeation, an equilibrium approximation should be at least partially satisfactory (Hille, 2001; Grossfield, 2005; Mancinelli et al., 2007) .
Because ion conduction occurs away from equilibrium, we should also consider the action of frictional forces on unitary conductance. We are required to acknowledge that ions must interact physically with their surroundings (Eisenberg, 2013) . Also, molecular dynamics simulations have shown drastic reductions of ion and water diffusion coefficients inside wide pores (Wilson et al., 2011; Zhu and Hummer, 2012b) . As expected for friction, such reduction seems to be caused by the pore shape and wall tortuosities. Because of the lack of room inside the inner vestibule of Kv channels, fully or partially hydrated ions would be bumping into the walls of the pore. In contrast, in BK channels, with a 1.4-Å wider cavity, there is enough room for a loosely attached extra layer of water molecules interfacing with the walls of the inner pore. In principle, these interfacial waters should bear low mobility (because of their low entropy); nevertheless, recent molecular dynamic simulations show highly mobile and chaotic interfacial waters in narrow nanotubes organic-aqueous contact (Garate et al., 2014) . Such loosely attached water molecules may lubricate the passage of the K + cage, working as ball bearing sliders.
Turning Shaker into a large-conductance K + channel
In agreement with the equilibrium energy hypothesis, lowering the K + energy inside the cavity is expected to increase unitary conductance, by increasing pore occupancy. Indeed, introducing negatively charged residues at Shaker's internal entrance (position Pro475) increases unitary conductance by eightfold (Sukhareva et al., 2003; Moscoso et al., 2012 (Moscoso et al., 2012) . Because of the deep impact of mutations of Pro475 on channel gating (Hackos et al., 2002) , it was quite possible that P475D had enlarged pore size, accounting for such an increased conductance. However, the radius of capture was found to be identical to that of Shaker-WT (Díaz-Franulic et al., 2015) . This is in satisfying agreement with the Parsegian hypothesis because it shows that it is possible to raise conductance by several-fold just by increasing pore occupancy, i.e., by lowering the work needed to put an ion in the cavity. Several other charges added to the internal vestibule (471D, 476D, and 479D) also increased unitary conductance; nevertheless, no additional change could increase maximum conductance beyond 200 pS, which is one third of BK's conductance (Díaz-Franulic et al., 2015) . Part of the other two thirds of the difference in unitary conductance between Kv and BK channels might have different causes: fluctuations of the selectivity filter or friction. In the former case, differences in the selectivity sequence should be expected (Starkus et al., 1997; Allen et al., 2004; Cheng et al., 2011) .
Electromechanical coupling and permeation determinants map to the same hotspot Voltage-activated K + channels are impressive examples of evolutionary functional tuning. On one hand, the addition of several sensing modules to the seemingly permeation-optimized voltage-and calcium-activated BK pore domain gives them the ability to integrate complex stimuli into transmembrane K + fluxes. On the other hand, voltage sensitivity of Kv channels seems to be near the maximal possible, limited only by the capacity of the voltage-sensing domain to host more charged residues without disrupting the trans-protein electric field (Ahern and Horn, 2004; Tombola et al., 2007; González-Pérez et al., 2010) . The voltage-sensing domain is energetically linked to the cytosolic end of S6 in the pore domain, mostly through the S4-S5 linker. Open probability increases 20-fold the for every 6-mV depolarization (Aggarwal and MacKinnon, 1996; Seoh et al., 1996; Islas and Sigworth, 1999; Lu et al., 2002; Long et al., 2005b; Batulan et al., 2010; González-Pérez et al., 2010) .
In the Shaker Kv channel, residues located toward the internal end of S6 are important for both permeation and electromechanical coupling (Ding and Horn, 2002; Hackos et al., 2002; Sukhareva et al., 2003; Batulan et al., 2010) . Because the electromechanical coupling is tight, mutual interference between permeant cations and channel gating is expected. In fact, we've known for a long time that Rb + and K + slow channel closure in the squid axon and in oocytes, resembling a "foot in the door" mechanism, suggesting the existence of a cation-selective site near the inner end of the pore (Swenson and Armstrong, 1981; Matteson and Swenson, 1986 ). Such a site was supported by the observation that K + ions applied internally lock in quaternary ammonia or Mg 2+ (Thompson and Begenisich, 2001; Moscoso et al., 2012) . Thus, tampering with pore occupancy to increase conductance also affects voltage sensitivity (Sukhareva et al., 2003; Moscoso et al., 2012) .
Is it possible that the reduced unitary conductance of Kv channels is a consequence of the tight functional coupling between the voltage sensor and the pore domain? Faure et al. (2012) proposed an ∼4-Å radial displacement during the opening transition based on luminescence resonance energy transfer (LRET) measurements of the bacterial Kv channel, KvAP. This displacement is about the same as the effective radial difference between closed and open pore structures of KcsA and Kv1.2/2.1, respectively (Moldenhauer et al., 2016) . Molecular dynamics simulations of Kv1.2-2.1 under an external elec-tric field show channel openings as small conformational changes at the activation gate. Ensuing pore hydration drives the channel toward its conductive state (Jensen et al., 2012) . This process, coined "hydrophobic gating," has been reported for several other ion channels. Small, not physically occluded, pores reside in a de-wetted state because water molecules refuse to interact with their hydrophobic linings (Beckstein et al., 2003; Anishkin and Sukharev, 2004; Jensen et al., 2010 Jensen et al., , 2012 Zhu and Hummer, 2012a; Neale et al., 2015) . The critical radius for pore hydration is ∼4-5 Å, very close to the radius of the internal entrance in the Kv1.2/2.1 structure (Beckstein et al., 2003; Webster et al., 2004; Long et al., 2005b; Wang et al., 2008; Díaz-Franulic et al., 2015) . Thus, according to these considerations, pore opening in Kv channels might be barely wide enough to allow permeation.
The closed-open transitions seem to be ruled by economical conformational changes in other ion channels too. In fact, several ion channels (K + -CNG and TRP) switch between open and closed states with physically small conformational changes in the inner cavity and/ or at the selectivity filter (Flynn and Zagotta, 2001; Bruening-Wright et al., 2002; Proks et al., 2003; Salazar et al., 2009; Rapedius et al., 2012; Cao et al., 2013; Garg et al., 2013; Liao et al., 2013; Posson et al., 2013) .
Although small movements during channel gating are not mandatory by any biophysical principle, they may possibly result from an evolutionary selective pressure to reduce the energy required to control the pore open probability. Assuming 25-33 cal/mol per Å 2 of hydrocarbon exposed to water (Reynolds et al., 1974) , a cylindrical greasy cavity of 15-Å depth and 5-Å radius requires 11-15 kcal/mol to open. This figure may be considered a lower limit for the work the electromechanic gear has to perform to open the pore of a Kv channel because it prefers to be closed (Yifrach and MacKinnon, 2002; Jensen et al., 2010 Jensen et al., , 2012 .
On the opposite sidewalk, a large-conductance channel such as BK, endowed with a wider pore, would require larger, energetically expensive gate movements (Beckstein and Sansom, 2004) . To open the gate of a BK-like channel, a 7-Å radius pore would require 16-21 kcal/mol, that is 5-6 kcal/mol more than those required to open a Kv channel (Reynolds et al., 1974) . If, as recent crystal structures suggest, the Slo2.2 BK channel primary gate is located at the internal bundle crossing, as in Kv channels (Hite et al., 2015) , the extra energy required to open BK's pore can be translated into a shift along the voltage axis. The voltage shift, ΔV, is ΔV = ΔΔG/zF, where ΔΔG is the difference between the energies required to open both pores, z is the effective valence of the voltage dependence, and F the Faraday constant. Interestingly, if we take BK's voltage dependency as z = 1.5-2.0, the additional energy required to gate the wider pore would correspond to a positive 100-170-mV shift in the conductance-voltage relationship with respect to Kv channels. Aware that this calculation oversimplifies gating energetics, and assuming similar voltage-responsive gears, it is remarkable that such a voltage shift agrees well with the actual difference in half-activation voltage between BK and Kv channels (Díaz et al., 1998; Horrigan et al., 1999) . In addition, other larger-conductance ion channels such as TRPV1 also exhibit similarly shifted conductance-voltage relationships (Matta and Ahern, 2007) . Several larger-conductance and multimodal ion channels have evolved additional, physiologically relevant gates, distinct from those at the cytoplasmic end of the pore, which gate ion access with 1-2-Å movements (Flynn and Zagotta, 2001; Bruening-Wright et al., 2002; Proks et al., 2003; Salazar et al., 2009; Rapedius et al., 2012; Garg et al., 2013) .
This rationale of small movement gates is per se speculative and simplistic because there aren't obvious biophysical or physiological constraints to limit pore gating to small conformational adjustments. Worse, x-ray structures have to be taken with certain skepticism because they are obtained under nonphysiological conditions. Nevertheless, we should bear in mind that, on the one hand, energy economy is not uncommon in the operation of K + channels (for example, in cation coordination in the selectivity filter), and, on the other hand, smaller energy requirements to open the pore would permit a sensitive tuning of the channel open probability.
The physiological role of unitary conductance is mostly unknown
The large functional diversity and regulatory mechanisms of K + channels surely underlie physiological fine-tuning within each cell type. These channels are present in almost every tissue, and most cells express different K + channels. Possibly, because of this functional redundancy, K + channel pathologies are rarely fatal, although they often seriously challenge an individual's happiness. Finding the physiological significance for the spectrum of unitary conductances in K + channels is also challenging because there is not a clear connection with cell type. In this regard, congenital channelopathy analysis could inform us about the physiological relevance of unitary conductance if we focus on missense mutations occurring at the internal end of S6, the functional hotspot for conductance and electromechanical coupling (Ding and Horn, 2002; Lu et al., 2002; Sukhareva et al., 2003; Long et al., 2005b; Posson et al., 2013) . A myriad of mutations in S6, with pathological consequences, may potentially be affecting unitary conductance (Table 3) , but in most cases, research has focused largely on the macroscopic phenotype, such as current density and kinetics, failing to explore microscopic electrophysiological behavior. For example, episodic ataxia type 1 (EA1; characterized by spells of incoordination and imbalance) is caused by mutations in the KCNA1 gene (Kv1.1). Likewise, cerebellar ataxia (CA), characterized by coordination imbalance, and epileptic encephalopathy early infantile 32 (EIEE32), characterized by refractory seizures and neurodevelopmental impairment, are both caused by mutation of the KCNA2 gene (Kv1.2; Imbrici et al., 2006; Xie et al., 2010; Syrbe et al., 2015) . Mutations could diminish ionic currents by decreasing protein maturation, trafficking, or activity level, or interaction with accessory subunits, and/or by dominant-negative effects. Nevertheless, we will miss the whole pathological picture as long as we ignore their impact on unitary conductance.
We must not think that the unitary conductance is a fixed character of the channel. There are beautiful examples of how accessory subunits change conductance. For example, the unitary conductances of Kv4.2 and Kv7.1 (KCNQ1) increase several fold when they are coexpressed with accessory subunits: dipeptidyl-peptidaselike protein-6 (DPP6) and KCNE1 (MinK), respectively (Melman et al., 2004; Kaulin et al., 2009) . The mechanism behind this DPP6 gain of function is similar to that of the Glu ring in BK (Kaulin et al., 2009) , whereas in MinK it seems to involve intimate interaction with the S6 domain of Kv7 (Melman et al., 2004) . Are these changes in unitary conductance relevant or just collateral consequences of the protein-protein interaction controlling gating kinetics and inactivation? By dissociating kinetics from conductance phenotypes, these cases present an opportunity to understand how relevant the changes in the unitary conductance are to physiology.
Concluding remarks

K
+ channels are finely tuned to allow the selective passage of K + across the membrane at high rates. The channel selectivity filter is in charge of this task, dropping to near zero the energy for ion transfer from the bulk solution . K + ions pass across the selectivity filter so efficiently that, even in the largest conductance channels, the physical dimensions of the internal vestibule limit channel conductance (Geng et al., 2011) . Thus, we propose that the main difference between large-and small-conductance channels arises from the size of the entrance to the internal pore; large-conductance channels have wider vestibules than do smaller conductance ones. The effect of vestibule size on unitary conductance is clearly nonsteric because it is not proportional to the sectional area available for permeation. Inside narrow aqueous pores, embedded in low dielectric lipid membranes, ions require larger energies to become stabilized, limiting K + current (Parsegian, 1969) . These equilibrium energy considerations would reduce the conductance gap from approximately two orders of magnitude to one third of the maximal transport rate, corresponding to ∼1 kT in activation energy terms. The rest of the difference remains to be accounted for (Díaz-Franulic et al., 2015) . Although Kv channels open just wide enough to let hydrated ions enter the permeation pathway, larger-conductance channels would require larger energies to open because of the hydrophobic nature of their inner walls. Thus, larger-conductance channels may host other activation gates as functional and structural data suggest (Zhou et al., 2011; Hite et al., 2015) . Because structural determinants for unitary conductance and for electromechanical coupling colocalize toward the cytosolic end of S6, a mutual interference between pore occupancy and gating is expected. Therefore, S6 mutant Kv channelopathies require unitary conductance studies to fully understand their pathophysiology. 
